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Abstract

The histological study of vertebrae in extant squamates shows that the internal vertebral structure in this group

differs from that of other tetrapods. Squamate vertebrae are lightly built and basically composed of two

roughly concentric osseous tubes – one surrounding the neural canal and the other constituting the peripheral

cortex of the vertebra – connected by few thin trabeculae. This structure, which characteristically evokes that of

a tubular bone, results from a peculiar remodelling process characterised by an imbalance between local bone

resorption and redeposition; in both periosteal and endosteo-endochondral territories, bone is extensively

resorbed but not reconstructed in the same proportion by secondary deposits. This process is particularly

intense in the deep region of the centrum, where originally compact cortices are made cancellous, and where

the endochondral spongiosa is very loose. This remodelling process starts at an early stage of development and

remains active throughout subsequent growth. The growth of squamate centra is also strongly asymmetrical,

with the posterior (condylar) part growing much faster than the anterior (cotylar) part. Preliminary analyses

testing for associations between vertebral structure and habitat use suggest that vertebrae of fossorial taxa are

denser than those of terrestrial taxa, those in aquatic taxa being of intermediate density. However, phylogenet-

ically informed analyses do not corroborate these findings, thus suggesting a strong phylogenetic signal in the

data. As our analyses demonstrate that vertebrae in snakes are generally denser than those of lizards sensu

stricto, this may drive the presence of a phylogenetic signal in the data. More comprehensive sampling of fosso-

rial and aquatic lizards is clearly needed to more rigorously evaluate these patterns.

Key words ecology; growth; histology; microanatomy; squamates; vertebrae.

Introduction

Vertebral inner structure and architecture have received lit-

tle attention from a comparative perspective, especially in

non-mammalian tetrapods. In tetrapods in general, the ver-

tebral mass accounts for an important part (20–60%) of the

total skeletal mass, thus contributing significantly to body

inertia (de Buffrénil et al. 1986). Moreover, the axial skele-

ton and musculature play a major role in locomotion, par-

ticularly in limbless taxa and in animals with a sprawling

gait such as lizards (Gasc, 1977; Ritter, 1996). The vertebrae

of extant squamates were studied morphologically by

Hoffstetter & Gasc (1969), and functionally by Gasc (1976,

1977) and Moon (1999). However, their microanatomical

and histological features were not described in detail, with

the exception of some brief mentions by de Buffrénil &

Rage (1993), de Buffrénil et al. (2008) and Houssaye et al.

(2008). More generally, histological studies of bone tissue in

squamates are relatively rare compared with those dealing

with other amniotes.

The aim of the present study was first to document the

inner structure of squamate vertebral centra at a broad

comparative scale. Subsequently, our goal was to interpret

the osteogenic processes involved in squamate vertebral

growth using histological and microanatomical approaches.

We highlight those features that are characteristic of squa-

mate vertebrae and distinguish them from other amniotes.
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Additionally, we explore whether vertebral compactness

and architecture are related to habitat use in squamates, as

would be predicted based on the mechanics of locomotion

in different media. Specifically, we predict the vertebrae in

fossorial taxa to be relatively compact, as the axial skeleton

is used to transmit often considerable forces (O’Reilly et al.

1997) from the animal to the external environment and

needs to dissipate the reaction forces generated during bur-

rowing. However, terrestrial and climbing taxa would bene-

fit from relatively light vertebrae as this would allow them

to minimise their overall mass, which would enable them to

maximise locomotor velocity and would reduce the cost of

transport. Aquatic taxa are faced with fewer constraints on

skeletal mass due to the buoyant forces of water and conse-

quently we predict these animals to have vertebrae of inter-

mediate compactness. Finally, we test whether lizards and

snakes differ in the structure and growth of their vertebrae.

Preliminary analyses (personal observations) indeed sug-

gested some differences in vertebral internal architecture

between these two groups.

Materials and methods

Materials

The biological material consisted of a set of dorsal vertebrae

from various extant squamate taxa from the collections of com-

parative anatomy and herpetology of the Muséum National

d’Histoire Naturelle (Paris, France) and the Museum Alexander

Koenig (Bonn, Germany) (cf. Table 1). Our sample included 45

species (39 genera) representative of the main groups of squa-

mates. Each species is represented by one or several specimens,

and each specimen is generally represented by two or three

contiguous dorsal vertebrae. In addition to collection specimens,

one very young specimen of Varanus exanthematicus [snout–

vent length = 155 mm; technical details in Castanet (1982)] was

injected intra-peritoneally with fluorochromes (fluorescein and

xylenol orange) to investigate skeletal growth in vivo. This spec-

imen was also used to assess the juvenile state of vertebral

microanatomy. Comparative material consisted of dorsal verte-

brae from diverse amniotes with distinct functional adaptations

(Table 2): Crocodylus niloticus (Nile crocodile), Aptenodytes pat-

agonicus (king penguin), Oryctolagus cuniculus (European rab-

bit), Vulpes vulpes (red fox), Meles meles (European badger),

Enhydra lutris (sea otter), Otaria byronia (South American sea

lion), Cephalophus monticola (blue duiker), Capreolus capreolus

(European roe deer) and Macaca sp. (macaque). Moreover, addi-

tional published references of vertebral sections of Homo sapi-

ens and Rattus norvegicus (brown rat) were used for

comparative purposes (Heggeness & Doherty, 1997; Hengsberger

et al. 2005).

Methods

Histology

Longitudinal and transverse thin sections (80–100 lm thick) of

the vertebrae were made using standard techniques (see de

Buffrénil et al. 2008; Figs 1 and 3) at the University Pierre et

Marie Curie (Paris, France). Vertebrae were sectioned in the

mid-sagittal and the so-called neutral transverse (de Buffrénil

et al. 2008) planes (Fig. 1). The sections were examined micro-

scopically (Zeiss Axioskop and Nikon Eclipse 800 microscopes) at

low and medium magnification (25–100·) in natural and polar-

ised transmitted light.

Microtomography

For some specimens (cf. Table 1), data were acquired by means

of conventional and synchrotron X-ray microtomography, allow-

ing a non-destructive imaging of the 3D outer and inner struc-

ture of the samples. Two different set-ups were used (Table 1):

(i) laboratory microtomography at the University of Poitiers

(France), using an X8050-16 Viscom model [resolution between

16.7 and 32.3 lm; reconstructions performed using Feldkamp

algorithm with DIGICT software, version 1.15 (Digisens SA,

France)] at the Etudes-Recherches-Matériaux laboratory (Poitiers,

France; http://www.erm-poitiers.fr); and (ii) third-generation

synchrotron microtomography (Mazurier et al. 2006; Tafforeau

et al. 2006) at the European Synchrotron Radiation Facility

(ESRF) (Grenoble, France), on beamline ID 19 (resolution

7.46 lm; reconstruction performed using filtered back-projec-

tion algorithm with the ESRF PYHST software). Image segmenta-

tion and visualisation were performed using AMIRA software,

version 4.1.1 (Mercury Computer Systems, Chelmsford, MA,

USA).

Quantitative analysis

Sections were drawn to scale (with a camera lucida Zeiss Stemi

SV6 or via photographs) and measurements were made either

directly on the bones [centrum length (CL)] or on the sections

[index describing the position of the neutral point (NPPi) and

centrum proportion index (CPi)]. Additional variables were

obtained for analysis using the software IMAGEJ (Abramoff et al.

2004). The total data set consisted of the following.

1 The length of the centrum between the condylar and cotylar

rims (CL), which is used as an indicator of specimen size.

This index was also used as an estimate of size for the trans-

verse sections for all specimens for which longitudinal and

transverse sections come from either the same vertebra or from

consecutive vertebrae in the same specimen, assuming that CL

should be relatively similar between consecutive vertebrae.

2 A NPPi, calculated as the maximal distance from the neutral

transverse plane to the condylar rim · 100 ⁄ CL. This index pro-

vides information regarding the degree of asymmetry of the

growth in length of the centrum.

3 The CPi, calculated as centrum height divided by CL.

This index describes the differential growth in length and

diameter.

4 The global compactness in transverse section (Cts), calculated

as the total sectional area minus the area occupied by cavities

and the neural canal multiplied by 100 and divided by the total

area minus the area occupied by the neural canal.

5 The global compactness of the centrum in longitudinal section

(Cls), calculated as the total area of the centrum minus the area

occupied by cavities multiplied by 100 and divided by the total

area of the centrum.

6 The total number of cavities in longitudinal section (TNCL).

7 The total number of cavities in transverse section (TNCT), with

both TNCL and TNCT providing information about the vertebral

inner organisation.
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8 The relative area of primary periosteal (= cortical) bone in

transverse section (PBCT), calculated as the area occupied by

primary periosteal bone multiplied by 100 and divided by the

total vertebral area minus the area occupied by the neural

canal.

9 The relative area of primary periosteal bone in longitudinal

section (PBCL), calculated as the area occupied by primary perio-

steal bone multiplied by 100 and divided by the total area of

the centrum. Both PBCT and PBCL provide insights into the pro-

cess of bone remodelling. These last two indices could not be

measured on virtual sections and were not determined for histo-

logical sections where the contrast between the two types of

osseous tissues could not be clearly distinguished.

Statistical analyses

All data were log10 transformed prior to analyses to meet

assumptions of normality and homoscedascity required for para-

metric analyses. To describe relationships between vertebral

microstructure, size and compactness, we first used traditional

regression analyses performed on the raw data set (Figs 6–8).

However, as species are not independent data points but

related through their evolutionary history, we next performed

phylogenetically informed regression analyses on the indepen-

dent contrasts for a subset of the data. All data points used in

the phylogenetic analysis consisted of the species means. Only

those taxa for which all variables could be determined were

included in the phylogenetic analysis (Table 1; Fig. 2).

Independent contrasts were calculated using the PDAP pack-

age (Garland et al. 1999) and all regressions were forced

through the origin. The phylogenetic framework for these anal-

yses was based on Lee et al. (2007) and Lee (2009) for the inter-

familial relationships and on Wiens & Hollingsworth (2000), Ast

(2001), Castoe & Parkinson (2006) and Kelly et al. (2009) for

within-families relationships. All branch lengths were set to 1 as

branch lengths were not available for all taxa included in our

analysis. To check whether branch lengths of unit length were

indeed appropriate for our analyses, we used the diagnostics

options in the PDTREE program to test for correlations between

the absolute values of the standardised contrasts and their SDs

(Garland et al. 1992). As correlations were not significant, these

branch lengths could be used (Garland et al. 1992). Moreover, it

has been shown that the actual length of the branches does not

usually have substantial effects on the results of phylogenetic

analyses (Martins & Garland, 1991; Diaz-Uriarte & Garland,

1998).

To test whether vertebral microstructure differed in taxa

adapted to different habitats, we classified each species as

belonging to one of the following habitat groups: terrestrial,

aquatic, fossorial, climber (i.e. both arboreal and saxicolous) and

generalist. Phylogenetic analyses of (co)variance involving simu-

lation analyses were performed using the PDSIMUL and PDANOVA

programs (Garland et al. 1993). In the PDSIMUL program, we used

Brownian motion as our model for evolutionary change and ran

1000 unbounded simulations to create an empirical null distri-

bution against which the F-value from the original data could

be compared. In the PDANOVA program, habitat use was entered

as the dependent variable, vertebral microanatomical character-

istics (Cts, Cls, TNCT, TNCL) were used as independent variables,

and CL was used as a covariate where appropriate. We consid-

ered differences among categories to be significant if the origi-

nal F-value derived from a non-phylogenetic analysis was higherT
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than the F95 value derived from the empirical distribution. All

traditional (i.e. non-phylogenetic) analyses were performed with

SPSS v.15.

Finally, we tested for differences in vertebral structure

between lizards and snakes given (i) the many morphological

and ecological differences between these groups, and (ii) prior

observations that these groups might differ in vertebral struc-

ture. As this comparison is essentially a comparison between

two groups, only non-phylogenetic statistics were performed

using SPSS v.15.

Results

The vertebrae of all squamates examined consisted of the

same type of osseous tissues and had a similar microstruc-

tural organisation (see below), regardless of their position

along the vertebral column. In the following paragraphs

we first provide a qualitative description of the vertebral

microanatomy and next a quantitative analysis of the verte-

bral microstructure.

Qualitative analysis

Longitudinal sections

Three distinct tissue formations can be observed in longitu-

dinal sections (Fig. 3A): (i) compact osseous tissue of perio-

steal (= cortical) origin located along the ventral edge of

the centrum and in a smaller amount also along the floor

of the neural canal (particularly just above the cotyle), (ii)

layers of hypertrophied calcified cartilage (between 90 and

550 lm thick) bordering the articular surfaces (cotyle and

condyle), and (iii) cancellous bone formation of endosteo-

enchondral origin occupying the remainder of the sectional

area.

In polarised light, periosteal deposits display similar histo-

logical features in all specimens: a mass birefringence, and

spindle-like osteocyte lacunae, all oriented parallel to the

direction of bone deposition (Fig. 4A). These features are

characteristic of parallel-fibered (or pseudolamellar) osseous

tissue. Cell lacunae are extensive and connected by numer-

ous canaliculi typically oriented parallel to each other. Clear

growth marks, corresponding to lines of arrested growth,

are observable in the bone matrix. In small animals (e.g.

Agama, Eryx, Timon), primary periosteal deposits are avas-

cular, whereas in large animals (Eunectes, Broghammerus,

Tupinambis, Varanus), they house simple vascular canals

(10–60 lm in diameter) oriented radially (Fig. 4B), and

sparse primary osteons. Obliquely oriented Sharpey’s fibres

are particularly abundant at the cranial and caudal extremi-

ties of the cortex.

Most of the centrum, in both periosteal and endosteal

territories, is occupied by a notably loose spongiosa with

Fig. 1 Amblyrhynchus cristatus. 3D imaging of a vertebra in ventral

view. The sectional planes are represented in black. MP, midsagittal

plane; NTP, neutral transverse plane. Scale bar = 5 mm.

Table 2 Comparative material of non-squamate amniotes.

Family Taxon Collection reference New sections lCT resolution (lm)

Crocodylidae Crocodylus niloticus MNHN AC 1964-403

Unnumbered UPMC LS

73.1

Spheniscidae Aptenodytes patagonicus Unnumbered UPMC LS TS

Leporidae Oryctolagus cuniculus Unnumbered UPMC LS TS

Canidae Vulpes vulpes Unnumbered UPMC LS

Mustelidae Meles meles MNHN AC (no ref.) LS

Enhydra lutris MNHN AC (no ref.) 50.1

Otariidae Otaria byronia MNHN AC 1884-862 50.7

Bovidae Cephalophus monticola MNHN AC (no ref.) LS TS

Cervidae Capreolus capreolus MNHN AC (no ref.) 73.1

Cercopithecidae Macaca sp. Unnumbered UPMC LS TS

AC, collections of comparative anatomy of the Muséum National d’Histoire Naturelle (MNHN) (Paris, France); LS, longitudinal section;

TS, transverse section. Resolution is provided for microtomographic (lCT) data.
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wide randomly shaped inter-trabecular spaces, particularly

large towards the core of the centrum (Fig. 3A). In the

periosteal territory, the transition from a compact to a

cancellous organisation is clearly due to resorption as

demonstrated by the numerous Howship’s lacunae (Fig. 4B),

which are the result of an intense osteoclastic activity. In the

ventral part of the spongiosa, the trabeculae consist of a

core of parallel-fibered bone plated by endosteal deposits

of lamellar tissue (as shown by its alternated extinction in

polarised light). Deeper, the trabeculae are exclusively

formed by an intensely remodelled lamellar endosteal tissue

with no remains of parallel-fibered bone. These trabeculae

are therefore completely secondary in origin. Thus, a gradi-

ent of trabecular remodelling exists, which changes from

the periphery to the depth of the centrum in parallel with a

gradient of porosity. In the endosteo-enchondral territory

close to the cotylar and condylar surfaces, the core of the

trabeculae consists of calcified cartilage (Fig. 4C) covered by

irregular platings of endosteal avascular lamellar tissue.

Osteocyte lacunae are rich in canaliculi, fusiform and elon-

gated in the direction of bone deposition. Numerous

cementing lines (due to resorption) and Howship’s lacunae

suggest an intense remodelling of the trabeculae (Fig. 4D).

As a consequence, calcified cartilage remains are absent

even at a short distance from the cotylar and condylar sur-

faces.

Fig. 2 Phylogenetic tree based on previously

published data (Wiens & Hollingsworth, 2000;

Ast, 2001; Castoe & Parkinson, 2006; Lee

et al. 2007; Kelly et al. 2009; Lee, 2009) and

used for the phylogenetically informed

analyses (see Materials and methods for

details) with indications about the mode of

life: A, aquatic; C, climber; F, fossorial; G,

generalist; T, terrestrial.

ªª 2010 The Authors
Journal of Anatomy ªª 2010 Anatomical Society of Great Britain and Ireland

Vertebral microanatomy in squamates, A. Houssaye et al. 721



The floor of the neural canal consists of an intensely

remodelled lamellar osseous tissue displaying numerous

cementing lines of resorption and Howship’s lacunae. This

structure is probably the result of a complex resorp-

tion ⁄ reconstruction process related to both the increase in

diameter of the neural canal during growth, and the

remodelling of the inner side of the periosteal deposits in

the dorsal territory of the centrum. Local remodelling can

be so intense that parts of the floor of the neural canal are

entirely destroyed, the inner cavities of the centrum thus

communicating with the neural canal.

In species for which several specimens of different size

were available (Eunectes murinus, Broghammerus reticula-

tus, Tupinambis teguixin, V. exanthematicus), compactness

indices are similarly independent of the size of the speci-

mens (cf. Table 1). Moreover, the relative area of primary

PBCL does not vary according to size (cf. Table 1). Remodel-

ling seems therefore to start at an early stage of develop-

ment and appears to remain roughly constant throughout

growth.

The section from the specimen of V. exanthematicus

injected with fluorochromes shows that the growth in

length of the centrum is much more active posteriorly than

anteriorly. In most classical sections, the margin between

primary periosteal deposits and remodelled endosteo-

enchondral tissues is clearly visible in the ventral part of the

centrum, thus revealing the contours of the originally trian-

gular formations (cones in 3D) of endosteo-enchondral

bone resulting from the growth in length of the centrum

(Fig. 3A). Therefore, despite the presence of wide lacunae

in the deep centrum, the position of the neutral point,

marking the origin of the growth in length and diameter of

the centrum, could be approximated in 54 taxa (23 lizards

and 31 snakes).

Transverse sections

In transverse sections, there is no discontinuity of the

osseous tissues between the centrum, neural arch and

neural spine, regardless of the species and the size of the

specimen. In most taxa, resorption leads to the formation

of wide cavities susceptible to fuse with each other, thus

creating very large hollow spaces separated only by thin

trabeculae. This confers a peculiar architecture to the ver-

tebrae; in cross-section, they appear to be made of two

more or less concentric osseous rings (tubular structures

in volume) connected by some thin radial trabeculae

A B

C D

Fig. 4 Longitudinal sections of (A, C, D)

Varanus exanthematicus and (B) Varanus

griseus. (A) Primary (pseudolamellar)

periosteal bone in polarised (left) and natural

(right) light. Note the mass birefringence and

the parallel spindle-like osteocytes. Scale

bar = 0.3 mm. (B) Primary periosteal bone in

polarised light. The arrows point to vascular

canals. Howship’s lacunae are visible on the

top of the primary formation. Scale

bar = 0.2 mm. (C) Calcified cartilage in the

core of trabeculae of endosteo-enchondral

origin in polarised light. Scale bar = 0.3 mm.

(D) Highly remodelled lamellar bone in

polarised light. The arrows point to

cementing lines of resorption. Scale

bar = 0.2 mm.

A B

Fig. 3 (A) Varanus griseus. MNHN AC 1888-

196. Schematic drawing of the longitudinal

section of the centrum. The point

corresponds to the estimated ‘neutral point’

and the lines delimit the triangles of growth.

NTP, neutral transverse plane. Scale

bar = 1.8 mm. (B) Varanus bengalensis.

MNHN AC 1883-1828. Schematic drawing of

the transverse section. The two arrows point

to the two osseous rings. Scale

bar = 3.1 mm.
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(Fig. 3B). The peripheral tube (ring on section) corre-

sponds to the cortex of the vertebra and is made of a

parallel-fibered tissue housing radial simple vascular

canals in large-sized taxa (cf. observations in longitudinal

sections); the inner ring, made of highly remodelled true

lamellar bone (as demonstrated by the numerous cement-

ing lines of resorption and Howships’s lacunae), corre-

sponds to the wall of the neural canal. However, in

several taxa (e.g. Dipsosaurus, Eunectes, Morelia), the

neural arch lacks cavities (Fig. 5B) and in some others

(e.g. Brookesia, Calumma, Dendroaspis, Xenopeltis), both

the neural arch and neural spine are compact such that

the structure of the double ring is restricted to the

centrum (Fig. 5C). Moreover, in Cylindrophis ruffus, there

is a peculiar inhibition of periosteal bone resorption that

confers a strong compactness to the transverse section.

Quantitative analysis

In longitudinal sections, the vertebral centra of the squa-

mates examined in our study display global compactness

indices (Cls) ranging from 38.5% in Varanus griseus to

88.8% in Hydrophis sp. (Table 1; mean value = 64.9%). The

relative area occupied by primary periosteal deposits (PBCL)

varies between taxa and specimens (from 8.7% in

Amblyrhynchus cristatus to 55.2% in Bitis arietans), with a

mean value of 25.8%. Vertebral compactness as estimated

on transverse sections ranges from 40.3% in T. teguixin to

96.1% in C. ruffus (Table 1; mean value = 68.0%).

A correlation between CL and the number of cavities in

longitudinal section (TNCL) reveals a strong correlation

(r = 0.87; P < 0.001; Fig. 6A). Moreover, this correlation

remained significant after taking into account the evolu-

tionary relationships between species (analysis on indepen-

dent contrasts: r = 0.73; P < 0.001), suggesting that these

patterns are independent of phylogenetic relatedness. The

correlation between CL and TNCT was also significant but

explained less of the variation in the data set in both tradi-

tional (r = 0.59; P < 0.001; Fig. 6B) and independent con-

trast analyses (r = 0.39; P = 0.017). This general correlation

between vertebral size and the number of cavities thus

appears to be a general trend throughout the evolution of

squamate vertebrae with the evolution of larger vertebrae

being associated with the evolution of more cavities.

Whereas transverse sections only expose bone of periosteal

origin, longitudinal sections expose bone of both endosteo-

enchondral and periosteal origin. This trend appears thus to

result from an increase of the number of cavities with speci-

men size in the endosteo-enchondral rather than in the

periosteal territory. A correlation analysis between Cls and

TNCL reveals no correlation in both traditional (r = 0.14;

P = 0.26; Fig. 7A) and independent contrast analyses

(r = 0.098; P = 0.57). However, the correlation between Cts

and TNCT indicated a significant albeit weak correlation in

traditional analysis (r = )0.35; P = 0.004; Fig. 7B), which did

not remain after taking into account the evolutionary

relationships between species (r = 0.22; P = 0.20). Thus, the

evolution of more compact vertebrae is not associated with

a change in the number of cavities observed in the

vertebrae.

A B

Fig. 6 Graphs illustrating the correlations between centrum length (CL) and the total number of cavities in (A) longitudinal (TNCL) and (B)

transverse (TNCT) sections.

A B C

Fig. 5 Schematic drawing illustrating the various patterns observed in

transverse sections. White, bone; black, cavities. (A) Agama atra

MNHN AC 1887 881; note the typical structure in ‘double rings

separated by only few trabeculae’ in the entire vertebra except the

neural spine. Scale bar = 500 lm. (B) Eunectes murinus MNHN

SQ-Vert 9; note the absence of cavities in the neural arch. Scale

bar = 5 mm; (C) Calumma nasutum MNHN 6643F; note the restriction

of cavities to the centrum. Scale bar = 200 lm.
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The correlation between Cls and PBCL (P < 0.001;

r = 0.71), on the one hand, and Cts and PBCT (P < 0.001;

r = 0.89), on the other hand (Fig. 8), was also significant.

Analyses of (co)variance testing for differences in verte-

bral compactness between animals utilising different hab-

itats detected no differences in the number of cavities in

longitudinal (ANCOVA; F4,31 = 1.5; P = 0.23) or transverse

(ANCOVA; F4,31 = 1.75; P = 0.17) sections. Bone compactness

in longitudinal section was also comparable between

groups (ANOVA; F4,32 = 1.2; P = 0.33). The degree of Cts

was, however, significantly different between animals

occupying different habitats (ANOVA; F4,32 = 2.79; P = 0.043)

with fossorial species having the most compact and ter-

restrial species having the least compact vertebrae. Other

habitat groups (climbers, generalists) were intermediate

between aquatic and terrestrial species. When taking into

account the relationships among species, the difference

between groups was no longer significant

(Ftrad = 2.79 < Fphyl = 4.06; pphyl = 0.17), indicating a signif-

icant phylogenetic signal in the data. Indeed, inspection

of Fig. 2 suggests an unequal distribution of taxa among

lizards and snakes which, given the known differences

between these two groups, may reduce our statistical

power to detect an adaptive signal.

The relative compactness as estimated on longitudinal

sections (Cls) differs significantly between snakes and lizards

(F1,35 = 14.45; P = 0.001), being higher in snakes (70.7%)

than in lizards (59.2%). Similarly, relative compactness as

estimated on transverse sections (Cts) also differs signifi-

cantly between snakes and lizards (F1,35 = 15.29; P < 0.001),

being higher in the former (75.7%) than in the latter

(61.2%). Mean PBCL (t-test; t = 6.86; P < 0.001) and mean

PBCT (t-test; t = 4.93; P < 0.001) are also significantly differ-

ent between lizards and snakes (PBCL: 32.5% in snakes vs.

17.1% in lizards; PBCT: 60.5% in snakes vs. 40.7% in lizards).

The NPPi was, however, not different (t-test; t = 0.610;

P = 0.55) between snakes (73.5%) and lizards (74.8%),

suggesting that the respective contributions of cotylar and

condylar epiphyses to growth are similar in lizards and

snakes. The CPi was significantly different in lizards and

snakes (U = 96; P < 0,001), being higher in the former

(45.2%) than in the latter (28.0%), thus suggesting that ver-

tebral growth in diameter relative to growth in length is

more important in snakes.

Discussion

Vertebral growth pattern

The observations presented here suggest the following

growth pattern for squamate vertebral centra: growth in

length of the centra relies on a process of endochondral

ossification (cf. Francillon-Vieillot et al. 1990). Conversely,

growth in diameter results from centrifugal deposits of

parallel-fibered, primary periosteal tissue. Initially very

compact, this tissue undergoes extensive remodelling in

its deepest part. This remodelling process is characterised

in squamates by an imbalance between bone resorption

and reconstruction; osteoclast activity is only partially bal-

anced by that of the osteoblasts. Consequently, the

amount of eroded bone is not entirely replaced by sec-

ondary reconstructive tissue. Because of this reconstruc-

tion deficit, which increases toward the core of the

centrum, the originally compact periosteal cortex becomes

cancellous and turns into a loose, intensely remodelled

spongiosa in the core of the centrum. As a result, the

inner architecture of squamate vertebral centra resembles

that of a tubular bone.

Our observations show that this remodelling imbalance

already occurs in juvenile specimens. Because compactness

indices remain relatively constant during growth, it seems

that some equilibrium between this remodelling imbalance

and growth is reached early during development and

remains constant throughout life. Our data strongly suggest

that the size of cavities and their number vary with bone

size, but not with bone compactness.

A B

Fig. 7 Graphs illustrating the correlations between (A) global compactness (Cls) and the total number of cavities in longitudinal sections (TNCL),

and (B) global compactness (Cts) and the total number of cavities in transverse sections (TNCT).
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Centrum growth asymmetry

In longitudinal sections, the unequal distances of the cotyle

and condyle from the neutral point reveal that growth in

length is asymmetrical in squamate vertebrae, being much

faster in the caudal (representing three-quarters of the total

growth in length) than in the cranial direction. Moreover,

most of the growth in diameter of the centrum occurs in

the ventral region, the development of the neural canal

interfering with dorsal growth.

Differences within squamates

Growth in diameter relative to growth in length is pro-

portionally more important in snakes than in lizards, as

illustrated by the differences in the CPi between the two

groups. It remains currently unclear whether this is caused

by an increase in growth speed or growth duration. As

periosteal bone is pseudolamellar in both lizards and

snakes, and similarly vascularised (i.e. only in the largest

taxa), it does not seem that periosteal growth speed is

faster in snakes than in lizards. This observation, com-

bined with the correlations between Cls and PBCL, on

the one hand, and Cts and PBCT, on the other hand, sug-

gests that the higher compactness observed in snakes

may result from both a less intense resorption of primary

periosteal bone, and more abundant periosteal deposits.

These differences between lizards and snakes could sug-

gest that limbless forms need relatively more robust ver-

tebrae than limbed forms. However, whereas this

hypothesis is supported by the high Cls and notably Cts

values observed in the limbless species Amphisbaena alba,

it is not supported by the values obtained for Anguis fra-

gilis (whose Cls value notably does not even reach the

mean lizard Cls value).

Ecological correlates

Our preliminary analyses testing for associations between

vertebral density and mode of life in squamates gave mixed

results. Whereas our traditional analyses suggest that there

are indeed differences in the degree of compactness of the

vertebrae between squamates occupying different habitats,

these were not borne out by our phylogenetically informed

analyses suggesting the presence of distinct phylogenetic

signal in our data set. However, the direction of the differ-

ences detected in the traditional analysis was congruent

with the a-priori predictions that fossorial species have den-

ser vertebrae than terrestrial species. Aquatic species had

vertebrae of intermediate density, again as predicted. Gen-

eralists and climbers were not clearly differentiated from

terrestrial ground-dwelling species, suggesting that there

may not be any constraints associated with this life-style, at

least with respect to the degree of vertebral compactness.

The lack of significance in our phylogentically informed

analyses is probably due, at least partially, to a clustering of

ecological groups with clades (see Vanhooydonck & Van

Damme, 1999). As most of the fossorial and aquatic taxa in

our analysis were snakes, and as snakes appear to have den-

ser vertebrae than other squamates, this may have intro-

duced a bias in our analysis.

Comparison with non-squamate taxa

Longitudinal and transverse sections from the comparative

material reveal a striking difference in vertebral inner archi-

tecture between squamate and non-squamate taxa. Indeed,

in the longitudinal sections of most non-squamate taxa,

most of the centrum is occupied by a relatively uniform

spongiosa whose trabeculae are predominantly oriented in

a sagittal direction (Fig. 9A). Compact periosteal bone is

limited, as in squamates, to narrow cortices along the

ventral and, to a lesser extent, the dorsal borders of the

centrum (Fig. 9A). The inner architecture of the crocodile

centrum differs from this general trend, and shares features

with the centrum of squamates. Whereas the endosteo-

enchondral spongiosa in this species consists of a tight net-

work of trabeculae enclosing cavities predominantly

oriented in a sagittal direction (which differs from the con-

dition observed in squamates), the spongiosa of periosteal

A B

Fig. 8 Graphs illustrating the correlations between (A) global compactness (Cls) and the relative area of primary periosteal bone in longitudinal

sections (PBCL), and (B) global compactness (Cts) and the relative area of primary periosteal bone in transverse sections (PBCT).
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origin is loose with relatively large, randomly shaped inter-

trabecular spaces.

In transverse sections, most non-squamate vertebrae are

almost entirely cancellous. They display two osseous walls

surrounding, respectively, the neural canal and outer bor-

der of the bone, whose thickness varies according to taxa

(Fig. 9B). These walls are connected by a tight and relatively

uniform trabecular network (Fig. 9B). Consistent with what

is observed in longitudinal sections, the trabecular network

in Crocodylus niloticus is much less tight and uniform than

in the other non-squamate tetrapods. To a lesser extent,

this is also the case for Meles and Oryctolagus, whose

spongiosae are less tight in longitudinal section than those

of other non-squamate tetrapods. However, regardless of

the variation observed among non-squamate tetrapods,

they all display a microanatomical organisation distinctly

different from that observed in squamates.

Concluding remarks

Squamate vertebral inner structure differs from that of

other tetrapods. This peculiar structure, which characteristi-

cally evokes that of a tubular bone, results from an imbal-

ance between resorption and redeposition during bone

remodelling. It is a typical trait of squamate vertebral osteo-

genesis that may bear a functional significance. Although

our data suggest adaptive patterns in the vertebral micro-

structure, much work remains to be done in order to better

understand squamate vertebral microanatomy. Further

studies based on a much broader sample illustrating various

modes of life (e.g. limbless lizards from various families;

various aquatic taxa) are needed to better understand the

relationships between ecology and mode of life, the muscu-

lo-skeletal system, and the vertebral internal architecture in

squamates. The use of high-resolution phase contrast X-ray

synchrotron microtomography for virtual histology (e.g.

Tafforeau & Smith, 2008) could reveal itself useful in bio-

mechanical studies as it allows the investigation of the

3D distribution of the different osseous tissues in a non-

destructive manner.
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